Linkage maps are widely used to explore genome structure, function, and evolution. Maps allow identification of loci determining specific phenotypes, such as genomic regions underlying economically important traits ([@bib44]; [@bib63]), or genetic basis of adaptive ecological traits, such as migration ([@bib26]) or industrial melanism ([@bib74]). In comparative genomics, linkage maps are indispensable to investigate the conservation of chromosomal segments at various evolutionary time scales ([@bib59]; [@bib29]). Linkage maps also improve quality of genome assemblies and inform research on evolutionary consequences of variation in recombination rate withing the genome ([@bib33]; [@bib14]).

In speciation research, linkage maps are particularly useful in studies of the genetic basis of reproductive isolation. Linkage analysis and mapping provide a framework for examining both the genomic architecture underlying the reproductive barriers between species or populations and interactions between differentiated genes in hybrid genomes ([@bib61]; [@bib60]). Examples of the former include identification of chromosomal rearrangements that may act as barriers to gene flow ([@bib41]; [@bib57]; [@bib4]), loci contributing to ecological reproductive isolation ([@bib8]), and phenotypic and expression quantitative trait loci (QTL) that differentiate hybridizing species and affect fitness of hybrids ([@bib24]; [@bib42]; [@bib23]). Genic incompatibilities causing low fitness of hybrids can also be mapped in natural populations ([@bib66]) and in laboratory crosses ([@bib71]). Finally, linkage maps facilitate the discovery and characterization of loci subject to adaptive introgression between hybridizing species ([@bib21]; [@bib78]).

In interspecific hybrids, genotype frequencies often deviate from those expected under Mendelian segregation ([@bib32]; [@bib61]; [@bib20]). Such segregation or transmission ratio distortion (TRD) may be caused by various mechanisms acting both prior to (gametic TRD) and after (zygotic TRD) fertilization \[reviewed in [@bib31]\]. The frequency of TRD generally increases with increasing divergence between crossed individuals ([@bib46]). Because the TRDs often reflect genetic incompatibilities between differentiated genomes, detection and mapping of TRD loci provide insights into mechanisms of postzygotic reproductive isolation between divergent populations ([@bib27]) or species ([@bib20]; [@bib51]; [@bib9]; [@bib40]).

The Carpathian (*Lissotriton montandoni*) and the smooth (*Lissotriton vulgaris*) newts are closely related species that hybridize wherever their parapatric ranges meet around the Carpathians ([@bib2]; [@bib86]). They form a bimodal hybrid zone, with a large excess of parental genotypes even in the center of the zone, indicative of strong assortative mating of parental species ([@bib2]; [@bib1]). As a consequence, early generation hybrids are rare in nature ([@bib88], [@bib86]). Further, laboratory experiments indicate substantial asymmetric premating isolation, with *L. montandoni* females being more choosy ([@bib49]; [@bib48]). So far there has been no information about the strength and form of postzygotic reproductive isolation between *L. montandoni* and *L. vulgaris*. Despite strong prezygotic isolation, there is evidence for extensive interspecific flow of the mitochondrial DNA ([@bib3]; [@bib88]) as well as for some nuclear gene flow, which is heterogeneous across the genome ([@bib52]; [@bib86]; [@bib70]; [@bib87]). The linkage map that we report here will facilitate an understanding of the basis of reproductive isolation between these species. In particular, detection and mapping of loci showing TRD in hybrid families may provide clues about the genetic architecture of reproductive isolation.

The linkage map of *Lissotriton* newts can also shed light on the possible correlation between physical genome size and length of the linkage map in salamanders. In most taxa, at least a single crossover per chromosomal arm is required for successful meiosis and consequently the total number of chromosomal arms is considered the main determinant of the map length ([@bib72]). Accordingly, [@bib58] found a strong correlation between the number of chiasmata, map length, and the haploid number of chromosomal arms in mammals. They also surveyed a variety of other taxa (mainly plants, arthropods, and fishes) and confirmed that such correlation is generally observed. This evidence combined with high variability of recombination rate and limited range of genome sizes in mammals indicates the lack of correlation between physical size of the genome and length of linkage maps. However, the two linkage maps available for salamander genera *Ambystoma* ([@bib68]; [@bib76]) and *Notophthalmus* ([@bib35]) are several-fold longer than the expectations based on the number of chromosomal arms. Because salamanders exhibit genomic gigantism ([@bib25]), a causal relationship between the genome size and map length was suggested ([@bib68]). However, although salamanders share large genome size and most families have similar numbers of chromosomes ([@bib67]), the number of chiasmata per chromosomal arm varies considerably between taxa ([@bib10]; [@bib28]; [@bib85]). *Lissotriton* newts are at the lower end of this continuum, with ∼1 chiasma per chromosomal arm. *Lissotriton* genome sizes are similar to that of *Ambystoma mexicanum* (32 Gb, [@bib34]): the *L. montandoni* genome was estimated at 29.1 Gb, while the range for *L. vulgaris*, which comprises several evolutionary lineages, is 27.7--30.8 Gb ([@bib39]). If the number of chiasmata predicts the map length in salamanders, we would expect a ∼1200-cM map in *Lissotriton*. A comparison of the *Ambystoma*, *Lissotriton*, and *Notophthalmus* maps may thus clarify whether the large size of linkage map is universal among salamanders or is an attribute of only some species.

In the present study, we report a linkage map obtained using F2 generation *L. montandoni* × *L. vulgaris* hybrids from two families. Resequenced fragments of protein-coding genes were used as genetic markers. Specifically, we (i) constructed the first linkage map in *Lissotriton* newts containing \>1000 protein-coding genes---this map constitutes an essential resource for evolutionary studies in this system; (ii) compared the relationship between the *Lissotriton* map length and physical genome size with the results obtained for other salamander species; and (iii) identified loci showing TRDs in F2 hybrids and examined their distribution through the genome, which provides insights into the genetic basis of reproductive isolation between species.

Materials and Methods {#s1}
=====================

Mapping population {#s2}
------------------

A female *L. montandoni* and male *L. vulgaris* were collected from allopatric populations in southern Poland (latitude and longitude of 49.51 N and 20.14 E, and 49.99 N and 19.47 E, respectively) and crossed in the laboratory (generation P). Hybrids of F1 generation that resulted from this cross were reared to maturity and two pairs were used to obtain the F2 hybrids (families A and B). The F2 progeny from these crosses, collected over two consecutive breeding seasons (2014 and 2015), were used for mapping. The F2 larvae from each family were maintained in a separate container and fed *ad libitum* with *Artemia* shrimps. The larvae of minimum 1 cm total length were anesthetized in MS222 and preserved in ethanol. We obtained 114 offspring from family A and 111 offspring from family B ([Figure 1](#fig1){ref-type="fig"}). DNA was extracted from tail tips of adults (P and F1 generation) and from whole F2 larvae using the Wizard Genomic DNA Purification Kit (Promega). DNA was dissolved in 100 μl of TE buffer.

![Experimental setup. Interspecific mating (generation P) resulting in F1 offspring occurred in the laboratory. Two pairs of F1 were crossed, forming families A and B, which were used to construct the linkage maps. Offspring from both families was collected in two consecutive breeding seasons, 2014 and 2015. Lm, *Lissotriton montandoni*; Lv, *Lissotriton vulgaris*.](2115f1){#fig1}

Molecular markers {#s3}
-----------------

Molecular Inversion Probe (MIP) markers ([@bib55]; [@bib53]) were designed in *Lissotriton* transcript sequences (available at <http://newtbase.eko.uj.edu.pl>). Each MIP amplifies a 112-bp target and all MIPs are assayed simultaneously in a single reaction. Each marker was located in a single exon to allow amplification from genomic DNA. The bioinformatics pipeline used to design markers, laboratory procedures, and sequencing are described in detail in [@bib53]. The MIP markers used to construct the linkage map fell into two groups (Supplemental Material, Table S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)):Markers informative in the F2 cross, *i.e.*, MIPs containing single nucleotide polymorphisms (SNPs) homozygous for different alleles in the individuals of generation P (*mm* × *vv*). Such markers were identified in previously resequenced transcriptomes of two *L. montandoni* and two *L. vulgaris* individuals sampled from the same geographic regions as the individuals of generation P ([@bib70]). Although the sample size of four gene copies per species is small, SNPs diagnostic in such a sample probably have highly differentiated allele frequencies between species. Indeed, generation P individuals were alternative homozygotes in an overwhelming majority of such SNPs. A subset of 205 group 1 markers were reported in [@bib53].Markers designed in genes involved in immune response reported by [@bib19] and other randomly picked transcripts. Several MIPs were designed for most genes. As these markers were designed without taking into account interspecific differentiation of allele frequencies, their utility for mapping varied.In the initial screen to filter out poorly amplifying markers and paralogs, all markers were resequenced in parents and 21 F2 offspring from family A. Deviations from the expected Mendelian segregation ratio were checked using the exact multinomial test (EMT) in R package EMT ([@bib47]). Markers that amplified poorly or contained SNPs with an excess of heterozygotes at a false discovery rate (FDR) of *q* \< 0.01 were removed from further analyses. The remaining MIPs were resequenced in both families. Additional 204 F2 informative (group 1) markers acquired from another project were resequenced only in family A (Table S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)).

Mapping and SNP calling were performed as described in [@bib53]. Briefly, 2 × 75 bp paired-end or 150 bp single-end Illumina reads were mapped to the reference with Bowtie2. SNP calling was performed using GenomeAnalysisTK (GATK) UnifiedGenotyper ([@bib16]). Genotypes with coverage \<16× or genotype quality \<30 phred were considered missing. To estimate genotyping error 29 individuals were amplified and resequenced twice. Genotyping error was expressed as the nonreference discrepancy rate (NRD) in GATK module GenotypeConcordance.

Construction of the linkage map {#s4}
-------------------------------

Mendelian segregation was tested again on the full dataset, and markers containing SNPs with an excess of heterozygotes in either family at the FDR *q* \< 0.01 were removed from both families. These could be paralogs missed in the initial screen due to a limited sample size or inclusion of only a single family. The remaining markers were evaluated in each family separately. Markers with a genotype missing in either parent or with \>5% missing data were excluded from the analysis.

Separate linkage maps were constructed for each family. In family A, we used all markers informative in the inbred cross (intercross) with F2 segregation pattern 1:2:1 (P: *mm* × *vv*) to extract full information based on a three-generation pedigree ([File S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS2.xlsx)). Markers showing strong TRD in a given family (see below) were excluded from mapping to prevent spurious linkage. Numerous MIPs in family B were excluded for this reason, which reduced the number of available markers. To maximize the number of useful markers in family B, we conducted outbred linkage mapping, for which several marker segregation types are suitable. The suitable markers were identified based on the genotypic information from parents of family B ([File S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS2.xlsx)).

The linkage maps were constructed using the R/onemap package ([@bib45]). Linkage groups (LGs) were found using the maximum recombination frequency set to 0.55 and a minimum logarithm of odds (LOD) score of 8. The map distances were obtained by applying the Haldane mapping function. The order of markers in each LG was defined using the algorithm RECORD ([@bib50]); for eight markers within each LG all possible orders were calculated and compared to each other to choose the best one by the multipoint likelihood in order to create a framework for algorithm operations. The summary statistics (genome length and map coverage) were calculated for the intercross map. The genome length was estimated by method 4 of [@bib12]. Map coverage, expressed as the proportion of the genome within x centimorgan of a mapped marker under the assumption of uniform distribution of markers on the map, was calculated according to [@bib20]. To check for uniformity of the distribution of markers along the intercross map, a chi-square test was performed against Poisson expectations for markers evenly distributed over 10-cM intervals. A graphical representation of linkage maps was prepared in MapChart ([@bib75]) and the consensus map was constructed with MergeMap ([@bib82]).

TRDs and epistatic interactions {#s5}
-------------------------------

For each family, deviations from the Mendelian segregation ratio were tested within each year with the EMT followed by the FDR correction. For each marker showing TRD at FDR *q* \< 0.01, we followed [@bib37] to check whether data supported the gametic or zygotic causes of TRD. We calculated the likelihoods of three models: (i) a null model assuming Mendelian segregation, (ii) a gametic model assuming that all TRD was caused by departures of gamete frequencies from those expected under Mendelian segregation, and (iii) a zygotic model assuming that differential survival of diploid genotypes contributed to the observed TRD. The models were compared using likelihood ratio tests, with *P* \< 0.001 considered significant ([@bib37]).

To test for possible epistatic interactions between pairs of unlinked markers, contingency tables with the observed two-locus genotype counts were calculated in Genepop ([@bib62]). The chi-square test was then used to compare the observed counts with those expected, assuming independence between markers. This test was performed for all pairs of markers located on different LGs.

Data availability {#s6}
-----------------

[File S2](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS2.xlsx) contains genotypes for each individual.

Results {#s7}
=======

Linkage map {#s8}
-----------

To evaluate the amplification efficiency and Mendelian inheritance of markers, 1741 MIPs were genotyped in 23 individuals (parents and 21 offspring) from family A. After excluding markers that amplified poorly or showed signs of paralogy, 1166 MIP markers were resequenced in both families ([Figure 1](#fig1){ref-type="fig"} and Table S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)). At this stage, an additional 31 markers were excluded due to an excess of heterozygotes in either family, suggesting paralogy. The estimated genotyping error (NRD) was 0.008. An additional 204 MIPs were resequenced only in family A (Table S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)). If more than one MIP per gene was resequenced, the MIP containing the most informative SNP was used for mapping.

Separate linkage maps were constructed for each family. The map for family A was based on the three-generation pedigree (intercross map) with one type of markers (P: *mm* × *vv*). After excluding two markers with unstable position within a LG, 1076 markers were used and all were assigned to LGs (Table S2 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)). We obtained 13 LGs, one more than the haploid number of *Lissotriton* chromosomes (*n* = 12). Reduction of the LOD score threshold from eight to six did not cause any LGs to merge. The predicted genome length is 1404 cM ([Table 1](#t1){ref-type="table"}) and 99.9 and 95.3% of the genome was estimated to be within 5 and 2 cM of the mapped markers, respectively. The markers were not uniformly distributed on the map ($\chi_{16}^{2}$ = 80.7, *P* = 1.3 × 10^−10^).

###### Summary of the linkage maps

          Map A     Map B   Consensus Map                                                        
  ------- --------- ------- --------------- ------ --------- ----- ----- ------ --------- ------ ------
  1       139.51    135     53              1.04   165.55    114   41    1.47   181.28    148    1.23
  2       140.62    131     55              1.08   107.83    111   48    0.98   160.22    140    1.15
  3       141.06    132     53              1.08   145.77    119   48    1.24   157.32    138    1.15
  4       140.13    119     56              1.19   55.76     46    26    1.24   142.38    120    1.20
  5       134.02    85      31              1.59   87.19     74    29    1.19   132.07    88     1.52
  6       108.62    73      34              1.51   108.74    61    29    1.81   116.23    79     1.49
  7       102.45    81      35              1.28   105.35    59    26    1.82   112.33    81     1.40
  8       97.04     52      29              1.90   79.36     41    23    1.98   101.90    56     1.85
  9       48.35     43      27              1.15   82.12     56    25    1.49   100.63    61     1.68
  10      106.05    88      36              1.22   55.02     28    16    2.04   100.35    89     1.14
  11      102.75    54      30              1.94   73.08     48    18    1.55   96.23     63     1.55
  12      78.73     78      37              1.02   71.34     65    32    0.94   82.88     83     1.01
  13      21.88     5       5               5.47                                                 
  Total   1361.21   1076    481                    1137.11   822   361          1483.82   1146   

Map A: intercross map constructed for the family A (see Results). Map B: outcross map constructed for the family B (see Results). Consensus map was constructed by merging maps A and B. Linkage groups (LGs) are numbered according to the length on the consensus map.

Numerous highly distorted markers (HDMs) were excluded from mapping in family B. To maximize the number of useful markers in this family, we conducted outbred linkage mapping, allowing for several types of segregation. The map was constructed with 822 markers, 13 LGs were obtained and one marker remained unlinked. Reduction of the LOD score threshold from eight to seven linked two LGs together, reducing their final number to 12, consistent with the haploid *Lissotriton* chromosome count (Table S2 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx)). Groups 9 and 13 from the family A map were linked together as LG9 in the family B map. The map length is 1137 cM ([Table 1](#t1){ref-type="table"}). Because distorted markers clustered in two blocks on LG4 and LG10, removal of these markers resulted in shortening these LGs in family B ([Figure S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FigureS1.pdf)). The overall difference in the length of corresponding LGs between the two maps was not significant (Wilcoxon test *V* = 60, *P* = 0.11).

To integrate information from all markers, a consensus map was constructed by merging maps from both families. The consensus linkage map is 1484 cM and contains a total of 1146 markers on 12 LGs, *i.e.*, on average one marker per 1.29 cM ([Figure 2](#fig2){ref-type="fig"} and [Table 1](#t1){ref-type="table"}). Detailed characteristics of LGs and the order of markers on the consensus map are provided in Table S3 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx).

![The consensus linkage map. The consensus map contains 1146 markers and has a length of 1484 cM. Red shows highly distorted markers (HDMs) with a deficit of *L. montandoni* allele; green shows HDMs with a deficit of *L. vulgaris* allele. Only a single HDM (asterisk) was detected in family A, the remaining HDM were detected only in family B.](2115f2){#fig2}

TRD and epistatic interactions {#s9}
------------------------------

Deviations from Mendelian segregation at the nominal *P* \< 0.05 were widespread: 23% (264) and 26% (240) of markers were distorted in families A and B, respectively. Only 42 deviating markers were common to both families, which suggests that many significant results may represent false positives. The families differed drastically in the number of HDMs (FDR *q* \< 0.01): we found only one HDM in family A and as many as 95 in family B (HDMs were not shared between families). In all HDMs, one type of homozygote was underrepresented, and in 95% it was the *mm* homozygote. In order to further investigate the causes of the difference between families, EMT was also calculated within years ([Table 2](#t2){ref-type="table"}). The results show that the difference between families in the number of HDM was mostly due to data from 2015: markers highly distorted in that year did not show much distortion in 2014 ([Figure 3](#fig3){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). The distribution of HDMs within the genome was analyzed using the consensus map. Most HDMs clustered in two separate blocks on LG4 and LG10 ([Figure 3](#fig3){ref-type="fig"}). All markers in these blocks had deficit of *mm* homozygotes. The gametic causes of TRD were inferred for most markers (86), while zygotic or both gametic and zygotic models were supported for eight and two markers, respectively.

###### Transmission ratio distortions (TRDs) in families and breeding seasons (2014 and 2015)

  Family   *P*               2014   2015   2014 and 2015 Combined
  -------- ----------------- ------ ------ ------------------------
  A        Nominal \< 0.05   89     223    264
  B        Nominal \< 0.05   86     240    240
  A        FDR \< 0.01       0      0      1
  B        FDR \< 0.01       4      88     95

Deviations from the expected Mendelian segregation ratio were evaluated with the exact multinomial test (EMT). Both the nominal and false discovery rate (FDR) corrected *P* values are shown. Note that the more numerous significant results at the nominal *P* \< 0.05 may partially reflect larger sample sizes ([Figure 1](#fig1){ref-type="fig"}) and thus higher statistical power in season 2015.

![Transmission ratio distortions (TRDs) shown on the consensus map. Departures of genotype counts from Mendelian expectations were tested with the Exact Multinomial Test and the nominal *P* are given as −10log*P*, the dashed line indicates the nominal *P* of 0.01. Polynomial regression trend lines are shown.](2115f3){#fig3}

To detect epistatic interactions, we tested the statistical independence of two-marker genotypes within families for all pairs of markers located on different LGs. Numerous tests had the nominal *P* \< 10^−4^ (184 and 11 in families A and B, respectively), but no test remained significant even at an FDR of 0.1. We note that interpretation of a standard FDR is unclear here, because of the partial nonindependence of tests due to linkage between markers. This, together with the very large number of tests performed (exceeding 0.5 million in family A), makes our tests for epistasis highly conservative. Therefore we briefly describe interactions with *P* \< 10^−4^ as possible cases of epistasis (Table S4 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.117.041178/-/DC1/FileS1.xlsx))~.~ Only a single interaction was common to both families; as both markers were heterozygous in the *L. vulgaris* grandparent, this result is difficult to interpret in the context of reproductive isolation. In family A, almost all tests with *P* \< 10^−4^ involved two blocks of markers, on LG6 and LG12, characterized by a strong deficit or lack of both *mm:mm* and *vv:mm* genotypes, which again is difficult to interpret in the context of reproductive isolation. In family B, nine out of 11 tests with *P* \< 10^−4^ represent two possible epistatic interactions between a single HDM (deficit of *v* alleles) on LG1, and two separate regions on LG6. Interestingly, these appear as negative epistatic interactions of the Dobzhansky--Muller (DM) type, with *vv:mm* genotypes missing and *vv:mv* underrepresented.

Discussion {#s10}
==========

In this study a gene-based linkage map of newts from the *L. vulgaris* species complex was constructed using F2 *L. montandoni* × *L. vulgaris* hybrid progeny from two families. The map contains 1146 genes in 12 LGs, equal to the haploid number of *Lissotriton* chromosomes, and has excellent genomic coverage but is notably shorter than two other available salamander linkage maps. Because progeny from each family was collected over two consecutive breeding seasons, we were able to detect a complex pattern of segregation distortion in the hybrid genomes, providing some insight into the nature of reproductive isolation between the parental species.

The *L. montandoni* × *L. vulgaris* linkage map is three to four times shorter than maps available for two other salamander genera, *Ambystoma* (Ambystomatidae) and *Notophthalmus* (Salamandridae), even though these genera have similar number of chromosomes as *Lissotriton* ([Table 3](#t3){ref-type="table"}). The difference in map length has two plausible explanations: actual differences in the rate of meiotic recombination between salamander taxa or reduced recombination in F1 *Lissotriton* hybrids. The former explanation is supported by ample cytogenetic evidence. All *Lissotriton* species have 12 chromosome pairs and ∼1 chiasma per chromosomal arm in meiosis ([@bib79]; [@bib77]; [@bib5]; [@bib28]; [@bib85]), which predicts a map length of ∼1200 cM, slightly shorter than reported here. However, the number of chiasmata in *Lissotriton* is at the lower end of the scale observed in salamanders ([Table 3](#t3){ref-type="table"}), which typically have more than one chiasma per chromosome arm ([@bib79]; [@bib11]), even in excess of four in *A. mexicanum* ([@bib10]). Crossover rates are more variable among salamanders than among mammals, in which a maximum of 2.5 chiasmata per chromosome arm were reported ([@bib17]). A comparison within *Ambystoma* revealed two times fewer chiasmata in *Ambystoma macrodactylum* than in *A. mexicanum* ([@bib36]). The recombination rate in salamanders can thus evolve relatively quickly despite conservative karyotypes, consistent with theory and data from other systems ([@bib73]; [@bib18]; [@bib69]).

###### Comparison of the number of chromosomes, number of chiasmata per meiotic cell, and expected and observed map lengths in ambystomatid and salamandrid salamanders

                                                                                                                                                      Expected Map Length (cM) Based on          
  ----------------------------------------------------------- ---- --------------------------------------- ------------------------------------------ ----------------------------------- ------ -----------------------------------------
  Ambystomatidae                                                                                                                                                                                 
  * Ambystoma macrodactylum*                                  14   28[*^a^*](#t3n1){ref-type="table-fn"}   53[*^a^*](#t3n1){ref-type="table-fn"}      1400                                2650   NA
  * Ambystoma mexicanum*[*^b^*](#t3n2){ref-type="table-fn"}   14   28                                      113                                        1400                                5650   4200[*^c^*](#t3n3){ref-type="table-fn"}
  Salamandridae                                                                                                                                                                                  
  * Ichthyosaura alpestris*                                   12   24[*^d^*](#t3n4){ref-type="table-fn"}   32.3[*^e^*](#t3n5){ref-type="table-fn"}    1200                                1615   NA
  * Lissotriton boscai*                                       12   24[*^d^*](#t3n4){ref-type="table-fn"}   21.7[*^e^*](#t3n5){ref-type="table-fn"}    1200                                1085   NA
  * Lissotriton helveticus*                                   12   24[*^d^*](#t3n4){ref-type="table-fn"}   22.2[*^e^*](#t3n5){ref-type="table-fn"}    1200                                1110   NA
  * Lissotriton montandoni*                                   12   24[*^d^*](#t3n4){ref-type="table-fn"}   23.3[*^f^*](#t3n6){ref-type="table-fn"}    1200                                1165   1484[*^g^*](#t3n7){ref-type="table-fn"}
  * Lissotriton vulgaris*                                     12   24[*^d^*](#t3n4){ref-type="table-fn"}   24.2[*^h^*](#t3n8){ref-type="table-fn"}    1200                                1210   
  * Notophthalmus viridescens*                                11   22[*^d^*](#t3n4){ref-type="table-fn"}   NA                                         1100                                NA     6162[*^i^*](#t3n9){ref-type="table-fn"}
  * Pleurodeles waltl*                                        12   24[*^d^*](#t3n4){ref-type="table-fn"}   28.1[*^j^*](#t3n10){ref-type="table-fn"}   1200                                1405   NA
  * Salamandra salamandra*                                    12   24[*^d^*](#t3n4){ref-type="table-fn"}   36.8[*^k^*](#t3n11){ref-type="table-fn"}   1200                                1840   NA
  * Triturus carnifex*                                        12   24[*^d^*](#t3n4){ref-type="table-fn"}   31.4[*^l^*](#t3n12){ref-type="table-fn"}   1200                                1570   NA
  * Triturus cristatus*                                       12   24[*^d^*](#t3n4){ref-type="table-fn"}   37.4[*^l^*](#t3n12){ref-type="table-fn"}   1200                                1870   NA
  * Triturus karelinii*                                       12   24[*^d^*](#t3n4){ref-type="table-fn"}   40.8[*^l^*](#t3n12){ref-type="table-fn"}   1200                                2040   NA
  * Triturus marmoratus*                                      12   24[*^d^*](#t3n4){ref-type="table-fn"}   25.7[*^e^*](#t3n5){ref-type="table-fn"}    1200                                1285   NA

Expected map length based on the number of chromosomal arms assumes a single crossover per arm. No. of chr, haploid number of chromosomes; No. of arms, number of chromosomal arms; No. of chias, average number of chiasmata per meiotic cell; NA, not available.
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Another potential explanation for the shorter map in *Lissotriton* compared to other salamanders is underestimation of map length due to reduced recombination in F1 hybrids. This phenomenon has been reported in many systems, including *Triturus* newts ([@bib11]). However, in other cases interspecific maps are not shorter than intraspecific maps ([@bib6]) and can even be longer ([@bib81]). Strong reduction of recombination in *L. montandoni* × *L. vulgaris* hybrids is unlikely for two reasons. First, the karyotypes of the parental species are very similar indicating a lack of major chromosomal rearrangements ([@bib85]; [@bib84]). Second, in hybrid males, meiotic recombination assessed by cytogenetic methods is similar to males of pure parental species ([@bib84]). Because males are heterogametic in *Lissotriton*, in accordance with Haldane's rule they are more likely to experience meiotic problems. Evidence to the contrary suggests a lack of strong reduction of meiotic recombination in hybrids of either sex. Reduced recombination in hybrids is thus unlikely the sole explanation of the observed map length. It cannot be however dismissed completely as an additional factor. Therefore, it would be interesting to compare the length of the map reported here with that of intraspecific and backcross maps. Such comparisons would also check for the presence of smaller scale rearrangements between genomes of parental species, not detectable with cytogenetic methods.

Our results, together with extensive cytogenetic data accumulated over decades, show that the large genome size shared by salamander species does not automatically translate into long linkage maps. Such a relationship was hypothesized previously based on the *Ambystoma* map size ([@bib68]). The several-fold differences in map length among salamanders make this group well suited to study the evolutionary consequences of recombination rate variation between taxa characterized by large genomes and similar numbers of chromosomes.

Numerous markers showed TRD in F2 hybrids. Distortions occurred mostly in one family, in one breeding season, and clustered in two blocks on LG4 and 10. Almost all HDMs, including all markers in the two blocks had a deficit of the *mm* genotype, and also *mv* heterozygotes were often underrepresented. Apparent TRD can result from various methodological artifacts, such as genotyping errors or extensive missing data. Such major artifacts are unlikely in our study because of the high quality of the MIP markers, highly repeatable genotyping, and the fact that TRD occurred mostly in a single family and a single season. Therefore, we are convinced that the observed TRDs reflect biological reality.

True TRD may arise before (gametic) or after (zygotic) fertilization and both types can have multiple causes \[reviewed in [@bib31]\]. In principle, one can use the observed genotype counts to distinguish between gametic and zygotic processes by comparing the likelihoods of respective models ([@bib37]). Unfortunately this approach is sometimes inconclusive. For example, under a realistic scenario of viability selection against a partially dominant allele, the zygotic model has only slightly better fit than the gametic model even though all distortion is due to differential survival after fertilization. This observation is important because, although the comparison of models point to mostly prezygotic causes of TRD, their occurrence in only one breeding season argues against this explanation. The gametic causes of distortion cannot be dismissed completely, as environment- or age-dependent examples of meiotic drive are known ([@bib56]; [@bib38]). However, additional observations speak against such possibility because the parents of the two families were siblings of the same age, and they shared an environment as juveniles and then as adults were kept separately only during the breeding season. Although we used only a single cross direction, we can rule out cytonuclear interactions as a major cause of TRD because *L. montandoni* alleles were underrepresented in most distorted markers, while all hybrids carried *L. montandoni* mitochondrial DNA. Hence, in our opinion, the most likely explanation of the observed TRDs is environment-dependent mortality of certain genotypes, and little difference in fit between gametic and zygotic models suggests partial dominance of *L. montandoni* alleles. The environment-dependent mortality may have been sex-dependent, but we were not able to evaluate this possibility because the sex of the larvae could not be determined and sex-linked molecular markers are not available. The F2 larvae from each family were raised in the same laboratory and at the same time but in separate aquaria. Although larvae were given the same food (*Artemia* hatchlings, *ad libitum*), we did not tightly control important environmental conditions, such as larval density, oxygen concentration, amount of substrate, or decaying organic matter at the bottom of aquaria. Embryonal and larval mortality during development were not recorded either, because young newt larvae are small and their bodies decompose quickly. Larvae from both families were preserved at the same time and stage, so increased mortality of some developmental stages is not a plausible explanation for the observed differences in TRDs. Therefore, it is likely that environmental conditions differed between families and if some genotypes had low survival only under stressful conditions, differences in the patterns of TRDs between families and/or years would ensue.

Several mechanisms may underlie the environment-dependent mortality of certain genotypes: (i) inbreeding depression, (ii) low survival of hybrids due to genetic incompatibilities between the parental genomes revealed only in some environmental conditions, and (iii) low survival under particular conditions of hybrid genotypes carrying *L. montandoni* alleles at specific genomic locations. Regarding inbreeding depression, the parents of families A and B may have differed by chance in the load of recessive deleterious alleles. These would be exposed in the F2 generation, leading to differences in TRDs between families. We deem this explanation unlikely, because in most distorted markers heterozygotes were also underrepresented, implying partial codominance of deleterious alleles, which is not compatible with inbreeding depression. The two remaining mechanisms are plausible and both may contribute to reproductive isolation. Increased mortality of some hybrid genotypes is customarily attributed to genetic incompatibilities between parental populations or species, which are often environment-dependent ([@bib7]; [@bib80]; [@bib30]). If these incompatibilities take the form of negative epistatic interactions of the DM type, as commonly observed ([@bib15]; [@bib13]), statistical associations are expected between genotypes at unlinked loci. In family B, we detected possible DM type interactions at the nominal *P* \< 10^−4^, which may suggest environment-dependent incompatibilities between the parental genomes; however, none were significant after the correction for multiple tests. Blocks of distorted markers on LG4 and LG10 were not involved in any such interaction, and consequently, there is no support for environment-dependent DM type incompatibilities as the causes of TRD in these regions. However, because of the very large number of tests, samples sizes would need to be much larger to achieve good statistical power. Further, complex epistasis between TRD blocks and multiple other genomic regions, which may be even more difficult to detect, cannot be excluded \[reviewed in [@bib22]\]. An alternative explanation not evoking genetic incompatibilities is poor survival under some environmental conditions of larvae carrying *L. montandoni* alleles in these genomic regions. The species differ ecologically ([@bib83]; [@bib65]) and differences in survival of their larvae in some or even most environmental conditions would not be surprising. The TRD blocks could then even mark genomic regions involved in prezygotic habitat isolation between the parental species.

Our experiment was not designed to distinguish between various isolating barriers. Hence, although we ruled out some explanations of TRD, unambiguous links between TRD and mechanisms of reproductive isolation could not be established. Fortunately, tools and experimental designs to detect and quantify components of reproductive isolation are available ([@bib64]; [@bib54]). Common garden experiments comparing survival of pure *L. montandoni*, *L. vulgaris*, hybrid, and backcross larvae under various conditions in combination with genotyping of mapped markers would be especially helpful in this respect. Regardless of the exact mechanisms, there is little doubt that TRD blocks play a role in reproductive isolation. If so, reduced interspecific introgression of these genomic segments is expected, and this prediction can be tested in *L. montandoni* × *L. vulgaris* hybrid zones by comparing the width and location of allele frequency clines in TRD segments to the genomic average. The map reported here is an essential tool to study genomic architecture of divergence between species and interactions between their genomes in natural hybrid zones. Another important direction of research enabled by the linkage map is elucidation of the genetic basis of phenotypic and ecological differences between species by QTL analysis.
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